Eutrophication has impacted water bodies around the world. Knowledge on how to manage and restore these systems is urgently needed in order to maintain adequate water quality. However, causes and consequences of eutrophication may differ among lakes located in tropical and temperate regions. The eutrophication process is better understood for temperate lakes due to the availability of a larger number of studies and longer time-series of data sets. In tropical regions, long-term studies are rare, but could exemplify the particularities of eutrophication speed under conditions of higher temperatures. The purpose of this work was to analyze the evolution of the eutrophication process in an urban tropical reservoir, using a 15-year time series (with occasional interruptions). The dataset comprised monthly sampling of several environmental variables and the phytoplankton community. We found a continuous process of water quality deterioration, mainly related to increasing levels of nutrient and phytoplankton biomass, as well as decreasing water transparency, even after the installation of a municipal wastewater treatment plant. The ongoing eutrophication resulted in a steep trend of increasing cyanobacteria biomass that turned from a seasonal appearance into more persistent blooms in the most recent decades, while the relative contribution of other algal phyla to total phytoplankton biomass declined, which resulted in a loss of phytoplankton diversity. Phosphorus was the major determinant of the persistent blooms. Even though nitrogen concentrations were very high in this system, they were not significantly correlated with phytoplankton or cyanobacteria biomass. Total-P concentrations increased about three times during the study period, indicating that the reservoir did not respond to recent restoration efforts. The average water temperature, always sufficiently high to allow phytoplankton growth all year round, is an additional factor that makes tropical reservoirs especially sensitive to eutrophication. In contrast to temperate systems, the constantly favorable temperatures in the tropics may facilitate the persistence and dominance of cyanobacteria in the plankton community.
INTRODUCTION
Along the last decades, cultural eutrophication has become a worldwide phenomenon, adversely affecting freshwater ecosystems (Zohary, 2004) . It has promoted excessive phytoplankton growth and dominance of cyanobacteria, a group especially harmful because of its ability to produce potent toxins (Lagos et al., 1999; Carmichael et al., 2001) . The occurrence of seasonal or sporadic algal blooms is generally the typical condition, but persistent cyanobacteria blooms are becoming more common (McGreggor and Fabbro, 2000; Roelke and Buyukates, 2002; Figueredo and Giani, 2009) , increasing concerns regarding the eutrophication of surface waters in recent years.
Several studies have discussed the mechanisms that control phytoplankton dynamics, and some patterns have been recognized for both temperate and tropical freshwa-ter bodies, such as predictable temporal patterns determined by cyclic meteorological conditions (Talling, 1986; Giani, 1994; Figueredo and Giani, 2001; Sommer et al., 2012; de Senerpont Domis et al., 2013) . Besides the description of more or less predictable changes in the phytoplankton community, these studies have also supported the development of theoretical and empirical models that identify the environmental variables determining phytoplankton patterns. These models generally point to resource availability as one of the major factors governing the dynamics of phytoplankton communities (Anneville et al., 2004) . Nutrients play a special role in structuring phytoplankton and nutrient availability can vary seasonally, directly influenced by climate patterns (Paerl, 1988; Arhonditsis et al., 2004) . Therefore, understanding lake nutrient dynamics is a critical prerequisite for management strategies, such as the implementation of wastewater treatment plants. Wastewater treatment often focuses on N o n -c o m m e r c i a l u s e o n l y the control of phosphorus inputs, since this nutrient has been considered the most effective in promoting eutrophication (Bartram et al., 1999; Schelske et al., 2006) . The view of lakes as essentially phosphorus limited ecosystems was defined by Sterner (2008) as the phosphorus limitation paradigm. However, this author also mentioned that co-limitation with N or other nutrients may be common. If nutrients can generate distinct feedbacks depending on the conditions of the water body, different phytoplankton species can also show distinct responses to environmental conditions. Phytoplankton community biomass and structure are useful variables to evaluate temporal changes in water quality, but the predictability of biological community dynamics is thought to be better for species groups (like Classes or Phyla) rather than for individual species (Evans, 1988) . Therefore, higher taxonomic levels could maintain stable temporal patterns under similar meteorological cycles, even if changes could still be observed in terms of community composition, and predictability on species or genus level would be low (Sommer et al., 2012) . From a temporal point of view, predictions are in general more reliable over short periods of time, generally characterized by small changes in environmental conditions. On longer time scales, the probability of occurrence of disturbances, which can lead to substantial changes in lake water quality, is higher (Zohary, 2004) . Thus, considerable and unpredictable changes in phytoplankton composition become more likely. Long-term monitoring of freshwater systems is important to correctly evaluate their water quality (Hobbie et al., 2003) , or to follow the progressive degradation of their ecological integrity. Such studies are rare in the tropics (Pinto-Coelho, 1998; Crossetti et al., 2008) , since investments in developing and emerging tropical countries are traditionally made in attempts to solve existing waterquality problems, rather than preventing future ones. As a result, many tropical freshwater environments are only studied intermittently. However, the compilation of data from several short-term surveys is often useful to evaluate the system on a long-term scale.
In this study, we assessed interannual variations in water quality variables and the phytoplankton community in a tropical urban reservoir in southeastern Brazil. We compared periods before (1993-1996) and after (2010-2011) the implementation of a primary wastewater treatment plant (ETAF-Pampulha), which was installed in 2003.
METHODS
Pampulha reservoir is an urban reservoir created in 1938 by the damming of eight streams and located in the city of Belo Horizonte (19°55'09"S, 43°56"47"W), Brazil. Its mean depth is 5.1 m and a maximum depth around 16.2 m can be found in a small, deeper area near the dam. Its catchment area is about 100 km 2 and the reservoir has a real surface area of about 1.8 km 2 , since about a third of its surface area was lost due to siltation processes (Giani et al., 1988) . It has been heavily affected by human activities that resulted in its poor water quality and the appearance of cyanobacteria blooms. The reservoir is influenced by the region's seasonality, characterized by a warm and rainy season from November to March and a distinct dry season, with lower temperatures, from June to August. Two transitional periods between dry and rainy seasons are also observed in September/October and April/May. With the goal of decreasing the nutrient inputs, a wastewater treatment plant was implanted and began operating in 2003, but it is restricted to the primary treatment of the water of only the two larger and more polluted tributaries to the reservoir (Ressaca and Sarandi streams). Both streams contribute around 70% to the water that flows into the reservoir. To describe the evolution of this ecosystem, we have contrasted water quality and phytoplankton data obtained in recent years (January 2010 to December 2011) with those already reported and obtained between 1993 and 1996 (Pinto-Coelho, 1998 Giani and Figueredo, 1999; Figueredo and Giani, 2001) .
Phytoplankton community and water quality data were obtained by monthly sampling in a site located near the central pelagic area of the reservoir (station E05, maximum depth 7m), which had already been used in previous studies performed in the reservoir (Pinto-Coelho, 1998; Giani and Figueredo, 1999; Figueredo and Giani, 2001 ). This site is ideal for long-term comparison studies due to the relatively large database available. In situ profiles of temperature, electrical conductivity and dissolved oxygen (DO) were obtained at 0.5 m depth intervals with a multiparameter probe (YSI 556 MPS). A standard Secchi disk was used to estimate water transparency and the depth of euphotic zone (Z e ), which was calculated by multiplying the Secchi depth value by 2.5. Water samples were collected using a Van Dorn bottle at Secchi depth (representing the euphotic zone). Physical, chemical and phytoplankton analyses were performed as described previously (Pinto-Coelho, 1998; Giani and Figueredo, 1999; Figueredo and Giani, 2001) . Total phosphorus (TP) was used for long-term comparisons, since it is considered the variable that best represents the actual phosphorus availability, and thus the system's trophic state (Dodds, 2003) . The sum of ammonium and nitrate was expressed as dissolved inorganic nitrogen (DIN) and used to describe the nitrogen pool. Annual mean values of physical, chemical and biological variables were calculated to evaluate potential effects of the wastewater treatment plant implementation. The species diversity of the phytoplankton community was calculated by the Shannon-Wiener index, according to the formula: 
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Where pi is calculated for each species and represents the proportion between its biovolume and the total phytoplankton biovolume in the sample.
Temporal patterns in the data were analysed using linear mixed-effect models. The response variables Secchi depth, water temperature, electrical conductivity, dissolved oxygen, total phosphorus, ammonium, and nitrate were analysed separately as a function of the fixed factor sampling year and the random factor sampling month, and their interaction (sampling year × sampling month). The function lme of the package nlme within the software R (R Development Core Team 2014) was used for these analyses. Distributions of residuals were analysed to select the most appropriate models (Zuur et al., 2009) . To achieve homogeneous distributions of residuals, the response variables total phosphorus, ammonium, and nitrate were log 10 (x+1)-transformed prior to analysis. Pairwise comparisons among sampling years were performed with Fisher's LSD post-hoc test. More specific comparisons were performed for nutrients and also for the biological data set (phytoplankton), which were obtained in 1996, 2010 and 2011. The main trends were explored by performing a principal component analysis (PCA), which also allowed for the identification of the key variables responsible for the observed patterns. For this data set, we also calculated linear mixed-effect models, following the previously described methods. To evaluate specific relationships between biological variables (total biovolume, cyanobacteria biovolume and Shannon-Wiener diversity), Secchi depth and nutrients (NH 4 + , NO 3 and total-P), data were log transformed to attain normality. Pearson correlations were performed for the 7 variables with n=35 observations (JMP ® SAS Institute software). Fig. 1 shows the annual trends of the studied physical and chemical variables. Linear mixed-effect models comparing these variables among years (1993-1996 to 2010-2011) are summarized in Tab. 1. Dissolved oxygen neither showed significant differences among sampling years nor differences among sampling months (Tab. 1, Fig. 1a ). Water temperature showed significant, but nonsystematic differences among sampling years (Table 1 , Fig. 1b ). However, there was a pronounced seasonality in water temperature, with higher water temperatures in months of the rainy season (Tab. 1). Electrical conductivity showed a weak trend towards higher values along the study period ( Fig. 1c ). However, seasonality, i.e. differences among sampling months, was much stronger than this trend (Tab. 1). A strong interaction effect between both factors occurred (Tab. 1), because the observed trend towards higher values along the study period was most pronounced in months of the dry season. Secchi depth exhibited a strong temporal trend towards lower depths along the study period ( Fig. 1d ) and differences among years were stronger than differences among sampling months, i.e. seasonality (Tab. 1). Here, we also observed a strong interaction effect between both factors (Tab. 1), because the observed trend was most pronounced in months of the dry season.
RESULTS
With regard to nutrients ( Fig. 2a) , the ammonium and nitrate concentrations showed no significant changes between 1996 and 2010-2011 (mixed-effect models in Tab. 1, Fisher's LSD post-hoc test, P>0.05). However, non-systematic differences among other sampling years were detected (Tab. 1). A clear long-term trend was observed for total-P concentration, which exhibited a continuous increase, resulting in values five times higher in 2011 than in 1996 ( Fig. 2a ). This long-term trend was stronger than seasonality, i.e. the differences among sampling months (Tab. 1). In 2010-2011, cyanobacteria were the main group representing over 80% of the total phytoplankton biovolume (average total biovolume of 29.2 mm 3 L -1 ), while other phytoplanktonic groups made just minor contributions (Fig. 2b) . The most representative cyanobacteria species were Microcystis aeruginosa Kützingemend Elekin, Sphaerocavum brasiliense Azevedo and Sant'Anna, and Cylindrospermopsis raciborskii (Woloszyn-ska) Seenaya et Subba Raju. The intermittency of blooms as registered in the 1990s, here represented by 1996, when cyanobacteria dominated only from September to November, was lost in more recent years (2010 and 2011), and cyanobacteria turned into the dominant group during the whole annual cycle (Fig. 2a ). We found significant differences between the two compared periods (1996 vs 2010-2011) for both total phytoplankton biomass (F=26.8, P<0.001) and cyanobacteria biomass (F=30.6, P<0.001). In recent years, only few species dominated the entire community and, as a result, species diversity also decreased ( Fig. 2c) . During 2010-2011, low values in Shannon's diversity index became frequent. The annual pattern of the diversity index with lower values during the sporadic cyanobacteria bloom disappeared, and diversity was relatively low throughout the year.
Considering the fundamental role of nutrients and light in controlling phytoplankton dynamics, we compared Secchi depth and concentrations of ammonium, nitrate and total-P in 1996 with the 2010-2011 data series, on a monthly basis. In general, N and P concentrations had always been high in Pampulha reservoir, but highest concentrations were generally observed in the transition periods between dry and rainy season. The recently recorded concentration of total-P (2010 to 2011) was significantly higher than that observed in 1996 (F=25.0, P<0.001). However, both inorganic nitrogen species (NH 4 + and NO 3 -) were not significantly different between the two periods (F=0.3, P=0.583 for ammonium and F=0.2, P=0.658 for nitrate). On the other hand, Secchi disk values were significantly lower in recent years than in 1996 (F=74.8, P<0.001). The importance of these variables to explain water quality changes in Pampulha reservoir was also highlighted by the PCA, which pointed out nutrients and phytoplankton as key variables (Fig. 3) . They were able to explain 90% of the total environmental variability in the reservoir, from 1996 to 2010-2011. The 1 st factor explained 51.1% of the total variability and was associated with total-P, phytoplankton and Secchi transparency, thus describing the increasing eutrophication of the system. The two periods were clearly distinguished by their trophic status, confirming the strong hypereutrophic conditions in 2010-2011 ( Fig. 3) . Factor 2 explained 38.1% of the total variability, and was mainly associated with nitrogen sources (NH 4 + and NO 3 -) and, therefore, probably reflected the seasonality of the system, since these variables had a very repetitive, although opposite, annual oscillation pattern in all the years evaluated in this study (data not shown).
Cyanobacteria showed significant (P<0.001, n=35), negative correlation with Secchi depth (r=-0.781) and (Fig.  4) . No significant correlations were found with nitrogen sources (NO 3 -, NH 4 + , P>0.20). Because cyanobacteria were the most important phytoplankton group, similar results were observed for total phytoplankton biomass (Secchi depth: r=-0.820; TP: r=0.673). Shannon-Wiener diversity was negatively correlated to cyanobacteria biomass (r=-0.620, P<0.001). Temperature was not significantly correlated with cyanobacteria (P=0.341) or total phytoplankton biomass (P=0.259). This was expected since, as shown in Fig. 1b , no significant trend of temperature increase was observed from 1993 to 2011 in the reservoir.
DISCUSSION

Nutrient trends in Pampulha reservoir
Although the growth of phytoplankton depends on many bottom-up and top-down forces, the availability of nutrients, especially P and N, is often a key factor determining the occurrence of blooms and their magnitude (Downing et al., 2001; Giani et al., 2005) . Ammonium was the major inorganic N form in Pampulha reservoir, but did not exhibit evident long-term patterns. The same was observed for nitrate. Phosphorus also occurred at high concentrations, but it displayed a continuous increase over the years. In a previous study, Pinto-Coelho (1998) already drew attention to this problematic situation, describing the continuous phosphorous increase in this reservoir.
However, the trend persisted in the following years, causing the occurrence of massive cyanobacteria blooms and their more stable permanence.
The increasing TP concentrations in the reservoir in recent years can be explained by the following reasons: First, the wastewater treatment plant performs primary treatment (i.e., no inorganic nutrient removal) of the water of only two (Ressaca and Sarandi) out of the eight streams flowing into the reservoir (Coutinho, 2007) . Considering this limited operational capacity, we could not expect significant changes after the installation of the plant, which is evident from observing nutrient and phytoplankton data describing a continuous and intense eutrophication process. An increasing TP input may also be explained by a higher contribution from untreated streams (those that are not primarily treated by the treatment plant) as a consequence of a growing urbanization and more dense population in the reservoir's catchment (source: www.ibge.gov.br -accessed on January 2013). Finally, the internal P recycling rate from the sediments may also contribute to higher TP concentrations due to more episodes of low DO concentrations and even hypoxia in the hypolimnion in recent years (Friese et al., 2010) . A similar situation was observed in Lake Kinneret, Israel (Zohary, 2004) , where external nutrient inputs declined, but internal loading and recycling were important to maintain the already altered phytoplankton community. Finally, massive sediment inputs caused by superficial erosion have been associated with P accumulation in Pampulha reservoir (Torres et al., 2007) and could represent another important P source.
Drivers of cyanobacterial blooms
The specific importance of different nutrients in the eutrophication process is heavily debated (Xu et al., 2010; Abell et al., 2010) , but the basal connection between P and phytoplankton biomass is widely recognized for freshwater environments (OECD, 1982) . The massive increase of P concentration in Pampulha reservoir during the last decades seems to have been the critical factor to establish optimal conditions fostering the constant and excessive cyanobacterial biomass. Total-P level is considered one of the major factors determining cyanobacteria dynamics (Carvalho et al., 2011) . Downing et al. (2001) , for example, suggested that cyanobacteria would probably dominate ecosystems with total-P levels higher than 100 µgL -1 , which was a constant condition in Pampulha reservoir during the last few years. However, even if P proved to be essential to explain trends in Pampulha reservoir, we think that these results cannot be conclusive to support the phosphorus limitation paradigm (Sterner, 2008) -i.e. that P-only control can reverse cultural eutrophicationfor this tropical reservoir, because for decades the reservoir also had extremely high N concentrations. Thus, it is Drivers of cyanobacteria blooms difficult to analyze the specific effects of N on local phytoplankton, because N-limitation conditions rarely occurred. Only after a potential P reduction in the system, will it be possible to evaluate the actual importance of N as a driver to cyanobacteria growth.
In general, the alternation between periods of cyanobacterial blooms and periods with lower cell densities across the seasons is a common feature in deteriorated freshwater environments, and a similar situation has been reported for Pampulha reservoir in the past (Giani, 1994; Figueredo and Giani, 2001) . Nevertheless, these seasonal cycles can be substituted by persistent blooms, as observed in several lentic ecosystems (McGreggor and Fabbro, 2000; Roelke and Buyukates, 2002) , including our results for Pampulha reservoir in recent years. The massive growth of cyanobacteria can be predictable to some extent and authors have tried to hierarchically rank the environmental variables according to their importance for bloom appearance (Paerl, 1988; Mowe et al., 2015) . For temperate regions, climate and nutrients are essential in controlling cyanobacteria blooms (Paerl, 1988; Carvalho et al., 2011; Fernandéz et al., 2015) and these major factors can show strong oscillations, as a consequence of seasonality. In the tropics, the situation Fig. 4 . Pearson correlations between cyanobacteria biomass and nutrients (ammonium, nitrate, total-P) and water transparency, in Pampulha reservoir in 1996 Pampulha reservoir in and 2010 Pampulha reservoir in -2011 N o n -c o m m e r c i a l u s e o n l y could be slightly different, since temperature and photosynthetic active radiation (PAR) show favourable levels throughout the year. However, seasonal trends can also be observed in the tropics and occur mainly by the indirect effects of rain on nutrient concentrations (Paerl, 1988; Figueredo and Giani, 2001; Arhonditsis et al., 2004; de Senerpont Domis et al., 2013) . This suggests that conditions could be extremely favourable for phytoplankton growth in these regions, if nutrients reached sufficiently high concentrations to exceed the dilution capacity of the rain. The ultimate result would be the incidence of stable blooms, such as those observed in the Pampulha reservoir. In this ecosystem, the high levels of cyanobacteria were mainly formed by the two most common bloom-forming genera in South America: Cylindrospermopsis and Microcystis (Mowe et al., 2015) .
At present, P levels in Pampulha reservoir are indeed high enough that rainfall is not sufficient to promote a significant dilution down to concentrations less favourable for cyanobacterial blooms. Fernandéz et al. (2015) also observed a strong connection between P concentrations and cyanobacteria blooms in an Argentinian hypereutrophic reservoir, but blooms were not persistent since low temperature was limiting phytoplankton development during winter. However, when light, temperature and nutrients are constantly favourable, we can expect some stability in the bloom occurrence, as already observed in studies in other tropical aquatic systems (Huszar et al., 2000; Nogueira, 2000) . Not surprisingly, a simultaneous reduction of phytoplankton richness and diversity (H') is also observed. Thereby, blooms can severely damage freshwater life by direct and indirect effects (Williams et al., 2010; Figueredo and Giani, 2001; Roelke and Buyukates, 2002) . Light is essential for phytoplankton development, however it can become limiting as a consequence of excessive cyanobacteria growth (Scheffer et al., 1997) . The strong connection between water transparency and phytoplankton biomass found in our work suggests that the blooms were likely the cause of low water transparency. However, the permanence of cyanobacterial blooms could partially be explained by self-sustaining characteristics. Cyanobacterial blooms can create conditions, such as intense shading, which will favour their dominance over other phytoplankton species (Paerl, 1988; Briand et al., 2002) , a phenomenon that could explain the decreasing phytoplankton diversity recorded in the last years in the reservoir. Human activities have adversely affected many freshwater systems around the world and this process is particularly intense in the developing and emerging countries (Kivaisi, 2001) . In these regions, environmental monitoring studies are generally performed on a short-term basis, i.e., less than two years. Their purpose is to provide short-term answers to urgent problems (Rhoads and Germano, 1986) . However, long-term and irreversible changes may affect human well-being more drastically than short-term environmental impacts (Rhoads and Germano, 1986) . Moreover, long-term studies can provide data to help understanding ecological processes, and future responses to continuous nutrient input. Therefore, even though fragmentary, the dataset presented here allowed for the evaluation of long-term variations in water quality, and the identification of increasing P as the major factor causing a constantly high biomass and dominance of cyanobacteria. Currently, a population of around 350.000 inhabitants live in the Pampulha catchment area, and it was estimated that about 50% of the sewage produced was directly released into the streams that recharge into the reservoir (Coutinho, 2007) . Recent demographic growth is possibly one of the major issues resulting in the degradation of the reservoir and efforts to minimize P loading are urgently needed in order to improve water quality.
CONCLUSIONS
In conclusion, our results pointed to Pampulha reservoir being a critically endangered water resource, due to years of pollution. Our study showed that eutrophication in tropical lentic systems can modify the seasonal tendencies by promoting community changes that ultimately culminate in very stable cyanobacteria blooms. We have also noticed that despite efforts made to restore Pampulha reservoir, the system has not shown a positive response. Clearly, the reservoir requires new attempts and greater investments for a successful recovery, for example by installing tertiary treatment plants, including chemical dosing for P stripping, to collect and treat all the sewage produced in the reservoir catchment area. 
